ABSTRACT: Connectivity links habitats in space and time. It is a key process that facilitates many life-history functions of myriad species in a variety of contexts over a wide range of scales. Perhaps its most obvious application is to the multifaceted linkages among the diverse habitat units comprising ecosystem complexes like the coastal ecosystem mosaic (CEM) -the tightly interlinked coastal, estuarine, wetland and freshwater habitats at the interface of land and sea. The ability to utilise this diversity of connected habitats is integral to the life histories of a broad spectrum of organisms, with connectivity between habitats being crucial to important functions like nursery utilisation. Although connectivity is an obvious feature of the CEM, investigation of its implications has largely been restricted to the migration of organisms. However, connectivity has much broader conceptual relevance. It is a pervasive and multifaceted process affecting and enabling the lives of organisms over the full range of conceptual scales, with ecosystem components connected by a diversity of factors, including physical and biological translocation of nutrients, ontogenetic, life history, spawning and feeding migrations, food-web dynamics, predator-prey interactions, and many more. All of these play crucial roles in structuring biological populations, communities and assemblages, and in driving the biological processes that support them. Moreover, connectivity is a prominent and necessary component of ecological concepts, ranging from estuarine dependence and metapopulation dynamics to foraging arena theory. Considering connectivity as a multifaceted process leads to specific hypotheses about the functioning of the CEM and similar ecosystem complexes.
INTRODUCTION
The term connectivity is widely applied throughout ecology. It is applied to a diversity of species, in a wide range of habitats, at a vast variety of scales and in many different contexts. Connectivity is crucial in regulating populations of organisms as diverse as watersnakes (Attum et al. 2007 ), gerbils (Blaum & Wichmann 2007) , bacterioplankton (Crump et al. 2007 ), diatoms (Vyverman et al. 2007) , spiders (Baker 2007) , reef fish (Dorenbosch et al. 2007 ) and brown bears (Graves et al. 2007 ). The concept has been applied in habitats from the artic (Crump et al. 2007 ) through temperate regions (Gelling et al. 2007 ) to the tropics (Sheaves 2005) . Connectivity is apparent at scales from the centimetre-scale movement of rotifers to food patches (Ignoffo et al. 2005 ) to longdistance bird migration (Alerstam et al. 2007) . From a conceptual point of view, connectivity is crucial in a broad spectrum of contexts from conservation (Jones et al. 2007 ) and pest and disease vector management (Grilli & Bruno 2007) to gene flow (Boulet et al. 2007 ), the generation of species diversity (Genner et al. 2007 ), the regulation of competitive advantage (Hagen et al. 2007 ) and metapopultion dynamics (Hanski 1998) .
In an ecological sense the concept of connectivity is most obviously, and most often, applied to the movements of animals, with connectivity playing an obvious and crucial role in the migrations of salmon (Schick & Lindley 2007) , butterflies (Rabasa et al. 2007 ) and birds (Alerstam et al. 2007 ). For instance, Secor & Rooker (2005) discussed ideas of estuarine connectivity in a recent editorial, defining connectivity as '...the dependence of fish production and population dynamics on dispersal and migration among multiple habitats...' and linking connectivity to prominent concepts like estuarine dependence and metapopulation dynamics. In fact, connectivity has a variety of consequences that extend beyond the simple movement of the organisms themselves. Prominent among these is the central role connectivity plays in many trophic processes, including nutrient donations (Cloern 2007) , nutrient cycling and availability (Meixner et al. 2007) , and the translocation of nutrients by migrating animals (Jefferies & Drent 2007) . However, there has been much less focus on these other aspects and consequences of connectivity, although they have far-reaching consequences and conceptual relevance that impact almost all aspects of the lives of organisms. In fact, while publications and conferences about connectivity abound there has been little evaluation of the synergies and interactions among different aspects of connectivity or appraisal of the relative spatio-temporal importance of different connectivity factors.
The multifaceted roles and relevance of connectivity is exemplified in estuaries and the larger coastal ecosystem mosaic (CEM) that surrounds them. In a broad context, coastal ecosystems embrace the myriad freshwater, marine and wetland habitats situated between terrestrial environments and the deep ocean (Ray 2005) . Their position at the interface of land and sea means they provide crucial links between terrestrial and offshore marine ecosystems (Irlandi & Crawford 1997 , Dittmar 1999 , Davis et al. 2001a , facilitating a variety of functions from flood control (Chang et al. 2001 ) and pollution filtration (Scharler & Baird 2005) to nutrient recycling (Alongi et al. 2000) and nursery ground utilisation (Robertson & Duke 1987 , Thayer et al. 1987 .
Defining the units that comprise coastal ecosystems is difficult because they include habitats covering a diversity of spatial and conceptual scales. These units include estuaries, wetlands, streams, lakes, mangroves, seagrass, nearshore reefs, intertidal and subtidal benthic habitats, algal beds, and nearshore pelagic waters, among many others. Furthermore, although these units can be defined individually they are not mutually exclusive and the relationships between them are often ambiguous. For example, although mangroves are often major components of tropical estuaries, estuaries can exist without mangroves and mangroves occur on coral reef flats spatially separate from estuaries. Moreover, the importance of individual habitat components in coastal ecosystems can be out of proportion to their areal extent. For instance, connecting corridors comprise only small proportions of river drainages but, in providing links between habitats, contribute disproportionately to ecosystem function (Wissmar 2004 , Sheaves & Johnston 2008 . In fact, much of the diverse functionality of coastal ecosystems arises cumulatively from the interaction among ecosystem components (Amarasinghe 1997).
Such complexity is not confined to the CEM and even brief reflection suggests that many other ecosystems similarly comprise a diversity of units that interact in the lives of organisms, leading to similar levels of spatiotemporal complexity. Here I use the specific case of the CEM as a vehicle to explore the nature and consequences of the far-reaching and pervasive connectivity that affects almost all aspects of the lives of organisms. In doing so I use a broad ecological definition of connectivity that refers to physical or ecological events that allow materials or organisms to move between or influence habitats, populations or assemblages that are intermittently isolated in space or time.
CONNECTIVITY
At all ecological scales (evolutionary, community, population and individual) many, and perhaps even most, estuarine animals and plants are dependent on more than one habitat. Dependence on multiple habitats is obvious in the lack of concordance between the distributions of organisms and the scale and extent of identifiable habitats or ecosystem units. This can be seen, for instance, in the widespread occurrence among marine species of multipartite life cycles, featuring stage-specific occupation of distinct larval, juvenile and adult habitats (Meekan et al. 1993) . Connectivity among units of the CEM goes far beyond this obvious linkage to manifest itself in a multitude of diverse ways and over a broad range of scales to produce a complex interlinking of habitats and functions.
Movement and migration
The most obvious manifestation of connectivity among units of the CEM is seen in the movements and migrations of animals, and dispersal of plant propogules. Movements such as the dispersal of mangrove or seagrass propagules link units of the same habitat type over a range of spatial scales (Drexler 2001), providing connections between patches that may be separated by considerable distances (De Lange & De Lange 1994) . Other movements and migrations link quite disparate habitat components, often as integral components of life-history strategies (Russell & Garrett 1985 , Barthem et al. 1991 , Bagarinao 1994 . This is exemplified in the central role of migration in supporting nursery ground function. This life-history connectivity is a pervasive force, with the population dynamics of many species and the productivity of many ecosystems dependent on migration and dispersal among multiple habitats (Secor & Rooker 2005) . The corollary of this is that these movements connect units of the CEM within the life histories of individuals and species.
Life-history connectivity is itself the sum of a series of smaller-scale connections: spawning migrations, dispersal and migration of eggs and larvae from spawning grounds, migrations into juvenile habitats (sometimes through a series of juvenile habitats), and migrations to join adult populations. These components display a variety of patterns and link habitats over many different scales. For example, the extensive migrations of eels link freshwater juvenile and adult habitats with distant marine spawning grounds (Arai et al. 2001) A variety of smaller-scale movements, such as feeding migrations, tidal migrations, vertical migrations and migrations to refugia add to the complex connections between habitats created by life-history migration. The ecological relationships involved in these connectivities further enhance habitat linkages. For example, the migration of the snapper Lutjanus argentimaculatus to feed on sesarmid crabs in mangrove forests (Sheaves & Molony 2000) forms a trophic link (transfer of nutrients and energy) between the mangrove forests and deeper water habitats that L. argentimaculatus must retreat to when the forest is exposed during low tide (Sheaves 2005) . Similarly, the migration of predators to the mouths of estuaries to feed on recruiting fish larvae (Baker & Sheaves 2005) links estuarine and coastal waters, both from a trophic perspective and from the perspective of the regulation of recruit availability in nursery habitats. In contrast, the migration of juvenile fish and crustacea into mangrove forests (Macia et al. 2003 ) and other shallow-water refuges (Crowder et al. 1997 ) moderates predator-induced mortality. At an even smaller scale, diel vertical migration of postlarval pink shrimp Farfantepenaeus duorarum enhances their advection through different areas of Florida Bay (Criales et al. 2005) . Obviously many feeding, tidal and refuge related migrations are strongly interlinked, with the timing and extent of migration driven by the interplay of food availability and predation risk (Burrows 1994) . Although these migrations may be distinct from life-history migrations, in many cases they are set within life-history migrations to form parts of a 'connectivityfractal' (Fig. 1 ) with a hierarchy of migrations at different scales connecting a diversity of habitats in complex ways and at a variety of scales.
At a larger conceptual scale, connectivity is a key component of metapopulation dynamics, providing the potential for recolonisation following extinction, which is the signature of a metapopulation structure (Hanski 1998) . Metapopulation dynamics have been described for many coastal and estuarine systems (e.g. Ray 2005 , Secor & Rooker 2005 , which demonstrate classic or source-sink metapopulation dynamics (Freckleton & Watkinson 2002 ) depending on the scale and the details of the system being considered. In fact, species using subtropical estuarine wetlands may exhibit a mixture of source-sink and classic metapopulation dynamics depending on whether the focus is on freshwater or marine recruited components (Sheaves & Johnston 2008) . In the case of subtropical estuarine wetlands, connectivity can have an even more extensive role because it is the major factor determining key extinction factors like dry-down and salinity regime (Sheaves & Johnston 2008) .
Connectivity and trophic function
Even within a single habitat or ecosystem unit the concept of food webs implies connectivity. In marine systems food webs are complicated by ontogenetic omnivory (Polis & Strong 1996) , which is common in the CEM (Wilson & Sheaves 2001) , where nursery ground function is widespread. When the complexity necessitated by ontogenetic omnivory is added to that engendered by extensive connections between habitat units, it is clear that food webs must diversify and anastomose into complex multifaceted networks with a range of trophic consequences.
Nutrient transport
An obvious consequence of the movement of animals is the trophic linking of units of the CEM. Substantial volumes of nutrients move through the CEM by way of biologically mediated transport. At a basic level, biological nutrient transport may mirror simple physical processes. For example, the transport of nutrients in the form of aquatic organisms washed downstream into estuaries by freshwater flows (Kimmerer 2002 ) occurs in parallel with the downstream transport of nutrients by stream flow (Ford et al. 2005) . In many other situations, more complex trophic interconnections resulting from feeding, spawning and life-history migrations can actively enhance and even redirect nutrient and energy flows. For instance, the movement of gulf menhaden Brevoortia patronus may result in an estimated export of some 5 to 10% of total primary production from estuaries in the Gulf of Mexico (Deegan 1993). In a similar vein, a considerable proportion of mangrove organic matter is made available for export in the form of eggs and larvae of brachyuran crabs (Schwamborn et al. 1999 ), a form more accessible to offshore consumers than would be the case for senescent mangrove litter (Lee 2008) . Such biological transport of nutrients may be much more complex. When bluefish Pomatomus saltatrix and striped bass Morone saxatilis enter estuaries to feed (Buckel & McKown 2002 , Gartland et al. 2006 ) they transport energy and nutrients assimilated in coastal systems into the estuaries, but when they migrate offshore they transport energy and nutrients accumulated during estuarine residence back into coastal waters. Similarly, long-shore migrations of hundreds of km, such as those common to a variety of fish on the central eastern Australian coast (Thomson 1955 , Ward et al. 2003 , can link trophic webs laterally across ecotones, latitudinal gradients and climatic regimes.
Nutrient sinks and recycling
Nutrients do not necessarily flow unimpeded through the CEM. Rather, connectivities are slowed down, as well as facilitated, by the actions of biological agents. For instance, although mangroves contribute considerable quantities of nutrients to other coastal ecosystems (Dittmar & Lara 2001 , Alongi et al. 1998 , they also represent substantial nutrient sinks (Alongi 1996) . Thus nutrient sinks are areas where the speed of movement of nutrients along connectivities is impeded. This inhibition is enhanced by a variety of recycling processes leading to nutrient retention. One specialised recycling pathway is seen in the retention of mangrove litter by the feeding of leaf-eating sesarmid crabs (Robertson & Daniel 1989) . The effectiveness of recycling by crabs is itself complicated by other connectivities. Crab-eating fish, such as mangrove jack Lutjanus argentimaculatus that enter mangrove forests at high tide to feed, translocate mangrove-derived nutrients when they return to subtidal habitats (Sheaves & Molony 2000) . Because these specialist crab eaters use estuaries as nursery grounds (Sheaves 1995 ) the complexity of the trophic connections is further complicated when they migrate to offshore adult habitats, mirroring the fractal-like complexity seen in life-history migrations (Fig. 1) .
Nutrient dynamics
The use, reuse and cycling of nutrients in biological systems involves a diverse range of connectivities. These include small-scale, local interactions as well as exchanges with adjacent habitats and regions. Smallscale interactions include such things as carbon flows within local planktonic systems (e.g. Richardson et al. 2003 ) and wetland-water column nutrient exchanges in mangrove forests (Davis et al. 2001a ). Larger-scale dynamics include ecotonal coupling (France 1995) and processes that support productivity at an ecosystem level, such as those illustrated in the various riverine production models (e.g. Junk et al. 1989 , Sedell et al. 1989 , Thorp & Delong 1994 . Nutrient exchanges at broader scales (e.g. adjacent habitats, ecosystems and regions; Rudnick et al. 2005) are often the product of a variety of smaller scale dynamics. For instance, local plankton dynamics drive regional variations in plankton productivity and combine with local and inter-regional seagrass nutrient dynamics (Fourqurean et al. 1997) , the outflow of mangrove productivity (Davis et al. 2001b ) and many other factors to support/drive complex nutrient fluxes in the Florida Bay-Everglades ecosystem complex (Ogden et al. 2005 , Rudnick et al. 2005 .
Nutrient subsidies are a feature of nutrient dynamics in an ecosystem mosaic and these are driven by, and imply, connectivity. Subsidies include nutrient export from freshwaters to estuaries (Chang et al. 2001) , algae washed into mangroves from subtidal waters (Kristensen 2008), export of mangrove nutrients to subtidal areas by flushing (Alongi 1996) and tidally migrating fish (Sheaves & Molony 2000) , and the importance of seagrass and seagrass epiphytes to nutrition of fish in adjacent habitats (Connolly et al. 2005) . Thus highly connected patches reliably receive 'donations' from other habitats, evening out fluctuations in productivity and potentially supporting more consumer biomass than would otherwise be the case (Jaramillo et al. 2006) . Additionally, there is likely to be a high level of resource redundancy among components of the ecosystem complex, providing a potential stabilising influence on populations.
Life-history connectivity and trophic function Fish life-history migrations are intimately linked to trophic function; both changes in habitat and changes in morphology require changes in diet. These concomitant changes mean ontogenetic omnivory is common (Wilson & Sheaves 2001) , resulting in complex food webs (Polis & Strong 1996) . Connectivity is often seen as having a particularly significant impact on recruitment success. For instance, larval fish entering estuarine nursery grounds aggregate at estuarine fronts (Kingsford & Suthers 1994 where conditions favour the concentration of prey items (Bakun 2006) leading to enhanced likelihood of recruitment success. In fact, the importance of connectivity to larval survival is enshrined in well-known theories such as the membervagrant hypothesis (Sinclair 1988) , where the survival of fish larvae is enhanced if they are transported to highly productive habitats, and the match-mismatch hypothesis (Cushing 1990), which links the survival of highly dispersive larvae to temporal connectivity with patches occupied by their prey. The fundamental characteristic of these models is that successful recruitment depends on connectivity between juvenile fish and their prey, and between spawning grounds and nursery patches. Thus increased connectivity between spawning, feeding and nursery patches increases recruitment success and ultimately increases the contribution of individual patches to productivity of the CEM as a whole (Gehrke & Sheaves 2006) . Consequently, reliable connectivity should lead to less variable recruitment and promote metastable faunal compositions.
Consequences of connectivity among nutrient patches
Not only does connectivity play a central role in nutrient dynamics, transport and recycling, but it provides the opportunity, and often the necessity (e.g. during lifehistory migrations), for organisms to utilise multiple nutrient resource patches over space and time. This widespread and even obligatory use of a multiplicity of resource patches suggests that connectivity promotes assemblage metastability through the use of multiple patches and multiple carbon sources ( Thorp et al. 2006) . Additionally, connectivity probably enhances survival, growth, productivity and fitness by providing access to a diversity of resources not available if only one patch, habitat or ecosystem was available.
Connectivity and predator-prey dynamics
The diverse influences of connectivity on trophic function and life histories mean that connectivity is intricately intertwined with predator-prey dynamics. This is reflected in well-established theories like the foragingarena model (Walters & Martell 2004) , in which the ability of predators to reduce prey numbers is determined by the extent of prey access (i.e. connectivity) to refugia. Moreover, the connections between units of the CEM are often 'hot spots' where predation intensity peaks; hence, these connections are likely to be disproportionately important in population regulation and community structuring (Sheaves 2005) . The importance of these areas of enhanced predation potential is encapsulated in the 'predator pit' hypothesis (Bakun 2006) , where the relative concentration of predators and prey determine which benefits from utilising a hot spot. This understanding is pivotal because in the past the importance of spatial structuring of predation has received relatively little attention (Sheaves 2001) , with most mathematical descriptions of predator-prey interactions failing to take spatio-temporal structure into account (DeAngelis & Petersen 2001) .
The risk of predation isn't spread evenly throughout habitats and ecosystems or over time (Sheaves 2001) . Rather, predation events are focused at particular points in space and time, and are intimately linked with connectivity (Sheaves 2005) . Small-scale predation hot spots often occur at interfaces such as between unvegetated substrates and seagrass (Peterson et al. 2001) , and just outside the refuges provided by macrophyte and woody debris (Sass et al. 2006) . Thus connections between habitats are often areas of high predation potential, so that the process of moving to utilise temporally available feeding or refuge habitats can represent a significant risk (Sheaves 2005) .
At a broader scale, a variety of geological (Genin 2004 ) and oceanographic features (Bakun 2006) produce fronts that are areas of high productivity, retention areas for larvae, and areas of concentration of prey (Acha et al. 2004 , Bakun 2006 . Consequently, these areas are foci for intense predation events at a multiplicity of scales (Acha et al. 2004 , Bakun 2006 involving animals as diverse as zooplankton (Genin 2004) , larval fish (Bakun 2006), predatory fish (Zamon 2003) , sea birds (Davoren et al. 2003 , Weimerskirch et al. 2004 ), planktivorous sharks (Sims et al. 2003) , and cetaceans (Atkins et al. 2004) . These are areas that many members of the CEM occupy during feeding or life-history migrations, and are often integral links in connectivity between units of the CEM.
Clearly, connectivity is linked to predator-prey dynamics in myriad ways, being central to concepts such as foraging arena theory, hot spots and the tradeoff between the needs for food and refuge. When the link between connectivity and predator-prey dynamics is considered in the context of the diversity of species interacting throughout the CEM, it is clear that the interaction between connectivity and predation must be an important force in structuring assemblages and communities, and their patterns of change and stability over time and space.
CONSEQUENCES OF CONNECTIVITY
Although I have dealt with different aspects of connectivity separately they are obviously interlinked in many complex ways. Connectivity is obviously a multifaceted process, going far beyond simple movements of organisms among habitats. Indeed, connectivity prescribes that few, if any, habitats function independently in the lives of organisms. Organisms, populations, assemblages and communities all depend on a range of often disparate habitats and ecosystems, and link those habitat and ecosystem units into a complex mosaic. Moreover, the influence of connectivity can be seen at most biological scales (evolutionary, community, population and individual) and this influence varies over time and space. The widespread occurrence and diverse nature of connectivity makes it an omnipresent feature of the functioning of coastal ecosystems. Viewed in a broad context, connectivity is likely to be a pervasive process in many complex aggregations of ecosystems and habitats that parallel the CEM.
A broader conceptualisation of connectivity has a range of implications. Firstly, it implies the need to focus on the ecology of key connections rather than just on specific habitat units. This recognition is not new; the importance of edge effects is widely recognised (Connolly & Hindell 2006) , with effects often influenced by the nature of adjacent habitat types (Selgrath et al. 2007 ), emphasising the importance of interactions among habitats and the connections among them. Secondly, the multidimensional nature of connectivity emphasises that it is unlikely that most connectivity-related processes can be fully understood by considering only a single aspect of connectivity. Rather, outcomes are likely to flow from the conjunction of a suite of different facets of connectivity. Key questions then become (1) what is the overall impact of all the facets of connectivity on any particular outcome, (2) what are the synergies among different aspects of connectivity, and (3) what are the key components of connectivity driving particular processes? Beyond this, the complex nature of connectivity suggests that highly connected systems like the CEM are likely to exhibit emergent properties that may be crucial in determining the overall nature and metastability of ecosystems. All these issues translate into a suite of obvious and important research questions. Prominent among these are questions about the implications of dynamic and complex connectivity on the magnitude, and even the direction, of biotic transport of energy and nutrients between estuaries and coastal marine ecosystems (Deegan 1993) , and the role of complex connectivity in supporting nursery ground function.
Although a detailed, holistic understanding is some way off, it is hard to ignore the importance of connectivity, and hard to see how detailed understanding of links between ecological processes and biological patterns can be achieved without considering the processes and patterns in a highly connected, ecosystem mosaic context. Unless connections among habitat units are recognised and understood in detail, the study of the organism-habitat interaction is likely to lead to a trivial or incomplete understanding. Although such complexity is difficult to study, its pervasive nature and the likelihood that it will throw up unexpected patterns means that it needs to be recognised, embraced and understood.
From an applied perspective, the maintenance of ecosystem linkages is critical to environmental health (Rudnick et al. 2005 ) and understanding connectivity is crucial in the context of the response of estuaries, their fauna and flora, and their management to both natural and human-induced change, from the most localised impacts to alterations in freshwater flows (Sheaves et al. 2007b ) and global climate change (Sheaves et al. 2007a) . For example, detailed understanding of connectivity is crucial in the context of adaptation to climate change. In the particular case of the CEM, facilitation of the progression of ecosystems (e.g. mangrove, salt marsh) across landscapes as sea levels rise will require specific knowledge of the myriad connectivities that interact to support habitat function and how these are likely to be impacted. This is particularly important because likely responses of humans to the threat of sea level rise, such as the imposition of dams, bunds and other barriers, are likely to directly impact connectivity. It is important that the management of such responses does not simply address the needs of the focal organisms (e.g. mangroves) to move but recognizes the complex linkages to other faunal components (e.g. the mangrove-eating crabs that influence mangrove health and resilience (Robertson 1991 , Botto et al. 2005 ) and other connecting processes (e.g. nutrient dynamics). Similar arguments can be made for the management of environmental flows and invasive pest species. From a different perspective, connectivity between spawning and larval retention areas appears to be a key determinant of differences among tropical estuary fish assemblages (Sheaves & Johnston unpubl. data) . In turn, these connectivity-driven differences have substantial implications for the use of fish fauna as indices of health of tropical estuaries and the selection of estuaries as control sites for impact assessment. 
